ABSTRACT: Manual methods of Leaf area estimation are very time consuming and tiresome processes and these
Introduction
Leaves are very important part of a plant because plants make food in their leaves. The color of leaves is green due to the chlorophyll content present in leaves. Chlorophyll makes food from carbon dioxide, sunlight and water for the plant in the form of sugar and oxygen. This process is called photo synthesis. Area estimation of leaves is a vital tool for studying the physiological parameters based on plant growth, photosynthesis and transpiration processes. Leaf area estimation method is also beneficial to quantify the area damaged by diseases and pests [1] . Leaf area is one of the most important agronomic parameters as leaf area is directly related to plant growth and health. Additionally, the quantification of many growth analysis variables needs the measureMadhu Jadon Dr. A. P. J. Abdul Kalam Technical University Lucknow, India madhujadon24@gmail.com ment of leaf area during the whole life cycle of the plant. Manual methods of leaf area estimation are tiresome, inaccurate and time consuming.
Traditional methods for leaf area estimation are paper weighing method, graph paper method and leaf area meter method. Paper weighing and graph paper methods are very simple and accurate but very slow. Although leaf area meter provides accurate results, but repetitions of experiment are required for a larger leaf which makes this process time consuming. Leaf area estimation methods can be classified into two broad categories as shown in the following figure1. Leaf area can either be estimated by using traditional methods or methods based on image processing. Nowadays, fast and accurate methods for leaf area estimations based on image processing are being adopted by modern agriculture technologies. Traditional methods must be repeated for each leaf sample for area estimation of leaves hence these methods are not suitable for large scale implementation. While in image processing methods, time is required only to implement the method once after that result can be obtained in seconds. Traditional methods are time consuming, destructive and not user friendly while Image processing methods are fast, non-destructive, low cost and user friendly.
Traditional Methods Graph Paper Method
Firstly the detached leaf is placed on a graph paper then outline of the leaf is drawn by pencil on millimetre graph paper [2] . The leaf area is estimated by counting the number of small squares within the boundary. This method is accurate but laborious when there are large numbers of leaves for area estimation.
This method is also accurate but laborious when there are large number of leaves for area estimation.
Weight Paper Method
Firstly the detached leaf is placed on a special paper and outline of the leaf is drawn by pencil on this paper [3] . The paper is cut according to outline of the leaf then Leaf area is calculated by weighing the paper and using the following formula:
Leaf Area Meter:
Leaf area meter is a very convenient but costly device. These devices have been frequently used for area estimation due to their easy handling. Leaf area meter is not suitable for large sized leaves because large leaf has to be cut into smaller pieces then the area for each small piece has to be calculated individually and added to obtain the area of the whole leaf. Hence this makes use of leaf area meter very time consuming process for large leaves [5] .
Image Processing Methods
An Image processing based method was proposed in [6, 7] . Leaves of brassica species, turmeric, soybean and wheat with different sizes and shapes have been used. The DOTNET framework as the front end and SQL server as the back end were used for leaf area calculation. Images of leaves were acquired with the help of digital scanner hence there were no need of any calibrating objects such as standard area, squares and coins. The colored RGB image was firstly converted into monochrome image by setting the threshold value in the color matrix. Leaf area was calculated by counting pixel numbers in leaf. The results were compared with the results of Leaf Area Meter developed by M/s Disha Infoway India Private Limited and it was concluded that the error rate between them is less than ±2% for turmeric, brassica species, wheat and soybean leaves.
Easy Leaf Area software was developed to batch process hundreds of Arabidopsis rosette images in minutes and eliminating background details and saving results to a spreadsheet-ready CSV file [11] . Easy Leaf Area software calculates the color ratios of each pixel to distinguish leaves and calibration areas from their background. It compares numbers of pixels in leaf to a red calibration area to eliminate the need for leaf-camera distance calculations or manual ruler scale measurement that other software methods typically require. This method is fast and easy to use but the requirement of red square is must. This method is not suitable when the leaves were infected by brown color spots.
A method is proposed in [12] for estimating different parameters of leaf such as height, width, average width, area and perimeter. A digital scanner is used to acquire leaf images. Calibration object is not required in this method. Edge detection, filtering and thresholding algorithms are used to identify the leaf of the image in compared to the background. Forty leaves of different shapes and sizes were used to validate the estimated parameters as compared to the actual values and parameters generated by the popular leaf area meter Li-Cor 3100. This method is also fast and easy to use but the requirement of scanner is must.
A method is proposed in [13, 14, 15] to estimate the leaf area with coin as a reference object. In this method, Coin has been segmented by Otsu method in gray channel but this method does not provide accurate results. There is a restriction in this method that coin must be darker than background.
Moreover, this method does not give accurate results for diseased leaves.
Our proposed method provides accurate results for both normal and diseased leaves; also there is no restriction on lightness or darkness of the coin than the background of the image which makes it a better model for practical use.
Material and Method

Material
A high resolution 24 Megapixels Digital Camera (Nikon D5300), White Paper Sheet, Leaves, Five Rupees Coin as a reference object, Computer to run Matlab, Matlab software (version 2014a), Millimeter Graph paper and Pencil have been used in this proposed method.
Method
The following flowchart depicts the basic process of this proposed method.
Image Acquisition
Twenty leaves each of four plants (i.e. Potato, Pigeon pea, Green Gram and Black Gram) have been used in this method in which ten leaves were healthy and remaining ten were the diseased leaves. Leaves samples were taken from Indian Institute of Pulse Research Center (IIPR), Kanpur. A five rupees coin and single leaf were placed on a white background paper then Images were taken by digital camera as shown in the following figures. Images were in RGB color space and in jpeg format. Leaves of each class are shown in the following figures 3-6. 
Leaf Segmentation
Leaf was segmented by Otsu method in gray color channel in other approaches [13, 14, 15] by converting from RGB image to gray image based on the following Equation 3.
Gray VAlue = 0.2989 × Red + 0.5870 × Green + 0.1140 × Blue
Where Red, Green, Blue in equation (3) represents red, green and blue color of the pixels respectively [8] . Otsu method is an automatic threshold selection method. It assumes that an image is formed with a background and an object with different gray values, one gray value is taken as a threshold to segment the image into two classes; the background and the object, then the variance between these two classes is calculated. When the largest variance is attained, this special gray value is applied as threshold [9] .This segmentation does not give accurate results for diseased leaves as shown in the following figure 7. Some part of leaves are missing in this segmentation.
In our method, this problem has been solved by segmenting the leaf by Otsu method in blue color channel rather than gray value because blue color is more sensitive to any kind of the leaves (i.e healthy and diseased). Most of the blue color is absorbed by the leaves in comparison to red and green color channel. Blue color detail is minimized in above equation (1) for conversion from RGB to gray, hence it does not provide good segmentation results. In our proposed method Leaf segmentation gives very good results as shown in following figure 7. 
Coin Segmentation by Circular Hough Transform
In [13] [14] [15] , a simple coin segmentation technique has been used which works by thresholding the gray values by otsu method. These approaches are based on the fact that the coins itself are darker than its white background, but in real life situations it is not necessary that coins are darker than background. In Some cases coins are brighter than its background as shown in the following figure 8 . Hence, in these cases coins cannot be segmented accurately by the methods in [13] [14] [15] .
So, another solution must be explored for more accurate coin segmentation. Circular Hough transform is used in our proposed method for coin segmentation. The Hough transform is a very robust segmentation tool. The Hough transform technique has been used in many scientific applications. First time, Hough transform has been used to detect straight lines in bubble chamber data [16] . Circular Hough transform (CHT) is an extension of Hough Transform (HT) and it is used for detection of the circular objects from an image [18] . The circle pattern is defined by the following equation
Where x and y are the directions, a and b are the co-ordinates of the centre of the circle in x, y direction, r is the radius of the circle.
Circle is governed by three parameters i.e. x and y coordinates of the centre of the circle and the radius r of the circle therefore 
Combine the Leaf and Coin Mask
In step 2 and 3 of our method, leaf mask and coin mask were obtained respectively. Now both of these masks were combined by logical OR operation. It is performed in bitwise manner on the binary values of each pixel in the images. In combined mask '1' represents either leaf or coin and '0' represents background pixels. The result of this step is shown in the following figure 9: 
Estimate Leaf Area
There are only two connected components in Figure 9 (d); i.e. leaf and coin. N leaf and N coin denotes the total number of pixels in leaf and coin mask respectively. Code is written for calculating N leaf and N coin in MATLAB 2014.
Leaf area is estimated by the following equation Where
A leaf is defined as the leaf area calculated by proposed method in centimeter 2 .
A coin is defined as the area of used coin measured in centimeter 2 .
Where 'radius' is defined as the radius of the coin used in this method.
The radius of the coin used in this method is 1.15 centimetre so the value of A coin is 4.155 centimetre 2 .
Calculate Area by Graph Paper Method
For comparison of leaf area estimated by proposed method with the Graph Paper Method, leaf is placed on millimetre graph paper then leaf border is outlined by the help of the pencil. All squares are counted within the boundary of the leaf.
Calculate Error Rate
Error rate is defined by the following equation. A leaf and A graph were calculated in step 5 and 6 respectively.
Results and Conclusion
Twenty leaves each of four plants have been taken in this method in which ten leaves are healthy and remaining ten leaves are diseased. Leaf Area is calculated by using proposed method and graph paper method. Error rate is calculated by using equation 5. Results are shown in the Table-1 to Table-4 for different types of plants. This method can be used for leaf area estimation by using any circular coin available. Our method also prompts a message to re-capture the leaf image in case image does not contain coin with the leaf.
A more accurate, novel and automatic method is proposed in this paper based on image processing techniques. Coins are used in this method instead of scanner, ruler and square of different color or any standard area. Therefore our method is more accurate and user friendly. While taking images, camera lens plane must be perpendicular to leaf plane to eliminate area measurement errors due to generated shadow and perspective distortion. The average error rate of leaf area estimation of proposed method are 1.49%, 1.11% , 1.71% and 1.31% for potato, Pigeon Pea, Green Gram and Black Gram respectively as compared to the results of graph paper method.
Future Scope
For future research, there are some directions as following: • New mobile android app can be developed based on this method so that it will be easy and more convenient for plant growers.
Limitations
There are some limitations of proposed method as following:
• Camera lens plane must be kept perpendicular to the leaf plane to avoid perspective distortion.
• No shadow should be formed for achieving high accuracy. 
